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Abstract

Background

Haemodialysis (HD) patients are predisposed to dysregulated fluid balance leading to extra-

cellular water (ECW) expansion. Fluid overload has been closely linked with outcome in

these patients. This has mainly been attributed to cardiac volume overload, but the relation

between abnormalities in fluid status with micro- and macrovascular dysfunction has not

been studied in detail. We studied the interaction of macro- and microvascular factors in

states of normal and over- hydration in HD-dependent CKD.

Methods

Fluid compartments [total body water (TBW) and ECW] and overhydration index (OH) were

measured with Multifrequency bio-impedance (BCM). Overhydration was defined as OH/

ECW>7%. Overhydration was also assessed using the ECW/TBW ratio. Macrocirculation

was assessed by pulse-wave velocity (PWV) and mean arterial pressure (MAP) measure-

ments while microcirculation through sublingual capillaroscopy assessment of the Perfused

Boundary Region of the endothelial glycocalyx (PBR 5-25mcg). A panel of pro-inflammatory

and vascular serum biomarkers and growth factors was analysed.

Results

Of 72 HD participants, 30 were in normohydration (N) range and 42 overhydrated according

to the OH/ECW ratio. Average ECW/TBW was 0.48±0.03. Overhydrated patients had
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higher MAP (122.9±22.5 v 111.7±22.2mmHg, p = 0.04) and comorbidities (median Davies

score 1.5 v 1.0, p = 0.03). PWV (p = 0.25) and PBR 5-25mcg (p = 0.97) did not differ

between the 2 groups. However, Vascular Adhesion Molecule (VCAM)-1, Interleukin-6 and

Thrombomodulin, and reduced Leptin were observed in the overhydrated group. Elevation

in VCAM-1 levels (OR 1.03; 95% CI 1.01–1.06; p = 0.02) showed a strong independent

association with OH/ECW>7% in an adjusted logistic regression analysis and exhibited a

strong linear relationship with ECW/TBW (Bata = 0.210, p = 0.03) in an also adjusted model.

Conclusion

Extracellular fluid overload is significantly linked to microinflammation and markers of endo-

thelial dysfunction. The study provides novel insight in the cardiovascular risk profile associ-

ated with overhydration in uraemia.

Introduction

Despite advances in technologies and practice, outcomes in haemodialysis (HD) remain poor

[1]. The role of dysregulated fluid balance in cardiovascular mortality and morbidity in HD-

dependent chronic kidney disease (CKD) is well defined. Overhydration, in the context of

uraemia, has been linked with hypertension, arterial stiffness [2] and left ventricular dysfunc-

tion [3] and is strongly associated with poor cardiovascular outcomes [3–5]. A large majority

of HD patients also have coexistent diabetes (DM) and cardiovascular (CV) disease whilst

uraemia in itself is widely considered a state of advanced atherosclerosis [6,7]. In HD-depen-

dent patients, maintenance of optimal hydration parameters in the presence of multiple over-

lapping comorbidities, presents a significant clinical challenge.

There are distinct differences in the pathophysiology of macro- and microvascular disease

[8]. The capillary endothelial glycocalyx, for example, is not only a marker of vascular injury

[9] but may be an important component of salt and water homeostasis [10,11]. Microinflam-

mation and endothelial dysfunction have been associated with both salt [12] and water over-

load [13]. This part of the circulation constitutes an important component of the CV system

and could provide a missing link in the interplay between overhydration and systemic inflam-

mation and their associated adverse outcomes in uraemia [13]. Addressing the knowledge

gaps in our understanding of the relationship between overhydration, microcirculation and

inflammation in this disease state would provide a vital insight in the management of hydra-

tion and CV risk in HD patients.

We investigated the clinical and biomarker characteristics of the circulation and its disposi-

tion in relation to hydration in uremic patients treated by HD.

Materials and methods

We performed analyses in 72 HD participants recruited in Uremic Toxins, Cardiovascular

Effects and Physical Activity in Intensive Haemodialysis (INTHEMO), a prospective multicen-

tre international study. The study population was split evenly between participants receiving a

4hr, 3 times per week conventional HD (CHD) and those receiving extended HD (>12hr HD

per week) regimes as part of their normal clinical care. The participating units included Maas-

tricht University Medical Center and Heerlen Dialysis Unit in the Netherlands, Central Man-

chester University Hospitals NHS Foundation Trust in the UK and the Hasselt Dialysis Unit
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in Belgium. The study was approved by the Greater Manchester Research Ethics Committee

(14/NW/1158) and the Medical Ethics Committee of Maastricht University Medical Center

(NL35039.068.10). All consenting adult patients receiving their HD care at the participating

centres were eligible for enrolment to the study. Informed written consent was obtained prior

to participation to the study.

Data collection

The past medical history and medication lists were collected directly from participants and

through their electronic medical records. These were utilised to derive the Davies’ Comorbid-

ity Score (DCS) [14]. HD prescription data were also collected to determine frequency and

duration of HD treatment, the prescribed target weight and dialysis adequacy, expressed as

standard Kt/V. All study measurements were performed at a single visit by 3 trained operators

(1 for Manchester and 2 for the Netherlands and Belgium).

Fluid status and compartmental distribution assessment

Total Body Water (TBW), ECW, Intracellular Water (ICW), Lean Tissue Index (LTI) and Fat

Tissue Index (FTI), overhydration index (OH) were measured using multifrequency bioimpe-

dance (Body Composition Monitor (BCM1), Fresenius Medical Care, Germany). Measure-

ments were performed before the mid-week HD session for participants receiving in-centre

HD and for participants performing home HD during the interdialytic interval. Overhydration

was expressed as absolute OH and relative overhydration (OH/ECW) and participants were

stratified according to this into normal hydration (OH/ECW < 7%) and overhydration (OH/

ECW> 7%) [5,15,16]. In addition to OH/ECW, ECW/TBW ratio [17] was also used to assess

volume expansion.

Cardiovascular measurements

Macrocirculation was assessed by means of Pulse Wave Velocity (PWV) and Blood Pressure

(BP) measured during the research visit and using 24hr Ambulatory Blood Pressure Monitor-

ing (ABPM). Microcirculation was assessed by means of dark-field sublingual capillaroscopy

(DFSC). PWV, BP and DFSC were measured at the same time as the hydration measurements.

Pulse wave velocity. PWV was measured during the research visit through carotid/femo-

ral applanation tonometry using the SphygmoCor system (AtCor Medical, Australia) [18].

24hr ambulatory blood pressure monitoring. 24hr ABPM measurements were obtained

using an oscillometric technique and the Mobil-O-Graph NG device (I.E.M GmbH, Ger-

many). Measurements of BP were obtained at 30-minute intervals during the day and at

60-minute intervals during the night. Readings were analysed using the hypertension manage-

ment software of the Mobil-O-Graph NG device. Incomplete measurements (not completing

the 24hr period) were included for analysis provided data spreaded across the day.

Capillaroscopy. DFSC was used to measure microvascular endothelial injury. This was

measured by means of Perfused Boundary Region (PBR) thickness of the endothelial glycoca-

lyx and red blood cell (RBC) width using Sidestream Dark Field Imaging (GlycoCheck,

Netherlands). The software records an adequate sample of high quality video frames of micro-

vasculature, identifies all available microvessels and defines small vascular segments every

10 μm along their length. For each vascular segment 840 radial intensity profiles are obtained,

which are tested for the presence of RBCs and signal quality, and then the RBC column widths

(RBCW) are determined from these intensity profiles. The median RBCW and the outer edge

of the RBC perfused lumen (Dperf) are determined from these measurements. The distance

of the median RBCW value to the position of the outer edge of the RBC perfused lumen is
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defined as the PBR [PBR = (Dperf–RBCW)/2]. This methodology has been validated in both

animal and human models [9,19–22] and the software has been used in a number of studies

[23–26]. Both PBR and RBCW measurements has been associated with microvascular injury

in CKD [19,27,28].

Blood sampling and residual renal function assessment

All participants at the time of the research visit had their serum electrolytes, parathyroid hor-

mone (PTH), β2-macroglobulin and serum biomarkers of the different pathophysiological

pathways involved in the progression of vascular disease measures. These including markers of

low-grade inflammation and endothelial dysfunction, angiogenic growth factors and hor-

mones (Table 1). Analysis was performed using electro-chemiluminescence technology in a

single and multi-array detection system (MesoScale Discovery SECTOR Imager 2400, Gai-

thersburg, Maryland, USA). All the measurements were performed in duplicate. Interassay

and intra-assay variations for all the markers were<9%, with the exception of the interassay

variation for bFGF (10.6%) and the interassay variation for IL-6 (16%).

Residual renal function was assessed by means of an interdialytic urine collection. Anuria

was defined as urine volume < 100ml/day.

Statistical analysis

Cohort characteristics and measurements were explored using descriptive epidemiology. Cate-

gorical variables were reported as percentages and ratios. Continuous variables were reported

as mean (standard deviation) where distribution was normal and as median (minimum and

maximum) when distribution was skewed. Normality of distribution was assessed using the

Table 1. Vascular biology and pro-inflammatory biomarkers tested in the study.

Biomarker MolecularWeight

Vascular Endothelial Panel Intracellular Adhesion Molecule (ICAM)-1 (ng/ml) 75–115 kDa

Vascular Cell Adhesion Molecule-1 (VCAM-1) (ng/ml) 100–110 kDa

E-selectin (ng/ml) 107–115 kDa

P-selectin (ng/ml) 86 kDa

ICAM-3 (ng/ml) 95 kDa

Thrombomodulin (ng/ml) 74 kDa

Matrix Metalloproteinase (MMP)-1 (ng/ml) 52 kDa

MMP-3 (ng/ml) 54 kDa

MMP-9 (ng-ml) 82-92kDa

Pro-inflammatory Panel C- Reactive Protein (CRP) (μg/ml) 110–144 kDa

Soluble Amyloid A (SAA) (μg/ml) 12 kDa

Interleukin (IL)-6 (pg/ml) 21–28 kDa

IL-8 (pg/ml) 11 kDa

Tumour Necrosis Factor-alpha (TNF-α) (pg/ml) 17 kDa

Growth Factors Basic Fibroblast Growth Factor (bFGF) (pg/ml) 22-24kDa

Placenta Growth Factor (PIGF) (pg/ml) 23 kDa

Soluble fms-like tyrosine kinase-1 (Flt-1) (pg/ml) 100 kDa

Vascular Endothelial Growth Factor (VEGF) (pg/ml) 38 kDa

Leptin (pg/ml) 16–19 kDa

Insulin (pg/ml) 6 kDa

kDa = kilo-Dalton, ml = millilitre, ng = nanogram, pg = picogram, μg = microgram.

https://doi.org/10.1371/journal.pone.0183281.t001
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Shapiro-Wilk method. Comparison of variables between hydration groups was performed

using Pearson’s Chi2 test for categorical variables, t-test for continuous variables with normal

distribution and Mann-Whitney U test for continuous variables with skewed distribution.

In order to investigate the relation between CV measurements, vascular and inflammatory

biomarkers and overhydration, we built a model with OH/ECW as dependent variable. Possi-

ble predictors of OH/ECW as a dichotomous variable were initially assessed by means of uni-

variate binary logistic regression. Variables with p<0.05 were entered in a forward sequential

additive multivariate model. The model was adjusted for age, comorbidity and dialysis inten-

sity defined as hours of HD per week. Models that included Leptin were also adjusted for FTI

and LTI. Model best fit was assessed using ROC analysis. Possible predictors of ECW volume

(ECW/TBW) expansion where initially assessed through univariate linear regression analysis.

Predictor variables significant at the level of p<0.05 where included in a sequential additive

multivariate linear regression model. Statistical analyses were performed by IBM SPSS Statis-

tics, version 23 (IBM Corp., USA).

Results

Seventy-two participants’ data were analysed and their demographic, CV and hydration pro-

files are summarised in Table 2. Of the study population, 36 participants were receiving CHD

(<12hrs per week) while 36 were receiving extended regimes (EHD) (>12hrs per week)

Table 2. Cohort demographic and dialysis profiles stratified by overhydration status.

Cohort Characteristics Entire Cohort

n = 72

No overhydration (OH/ECW < 7%)

n = 30

Overhydration (OH/ECW > 7%)

n = 42

Sig

Age (year) 57.3 (SD 14.3) 53.4 (SD 16.3) 60.1 (SD 12.2) 0.050

Sex: Male 55 (76.4%) 21 (70%) 34 (81%) 0.281

Ethnicity White 57 (79.2%) 24 (80%) 33 (78.6%) 0.773

Black 6 (8.3%) 2 (6.7%) 4 (9.5%)

Asian 8 (11.1%) 4 (13.3%) 4 (9.5%)

Other 1 (1.4%) - 1 (2.4%)

Dialysis Vintage (months) 74.3 (6–432) 39.5 (6–276) 46.5 (6–432) 0.304

Residual Urine Output 23 (31.9%) 8 (26.7%) 15 (35.7%) 0.417

Previous Transplant 27 (37.5%) 12(40%) 15 (35.7%) 0.711

Diabetes Mellitus 19 (26.4%) 7(23.3%) 12(28.6%) 0.619

CVD 20 (27.8%) 6 (20%) 14 (33.3%) 0.213

Smoking 10 (13.9%) 4 (13.3%) 6 (14.3%) 0.908

Davies Comorbidity Score 1.0 (0–4) 1.0 (0–3) 1.5 (0–4) 0.031*

Number of BP medication 1.0 (0–5) 1.0 (0–5) 1.5 (0–5) 0.091

HD

Parameters

Hrs per wk 12.8 (10.5–42.5) 13.5 (12.0–42.5) 12.0 (10.5–32.0) 0.497

HD frequency per

wk

3 (3–6) 3 (3–5) 3 (3–6) 0.782

HD session length 4 (2.5–9.0) 4 (4.0–8.5) 4 (2.5–9.0) 0.493

Standard Kt/v

(n = 67)

2.25 (1.69–3.69) 2.27 (1.87–3.66) 2.22 (1.69–3.23) 0.402

PTH (pmol/L) 26.6 (0.6–116.5) 23.1 (0.6–116.5) 27.3 (0.6–84.7) 0.879

B2-microglodulin (mg/L) 26.1 (SD 8.72) 26.9 (SD 8.39) 25.6 (SD 9.02) 0.542

BP = Blood Pressure, CVD = Cardiovascular Disease, ECW = Extracellular Water, HD = Haemodialysis, hr = hour, Kg = Kilogram, L = litre, mg = milligram,

OH = Overhdration Index, pmol = picomole, PTH = Parathyroid Hormone, SD = Standard Deviation, Sig = Statistical Significance (p-value).

* Highlights Result with statistical significance at the level of p<0.05.

https://doi.org/10.1371/journal.pone.0183281.t002
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(demographic and measurement profiles of the 2 subgroups stratified by their OH/ECW pre-

sented in S1–S4 Tables). The mean OH in all subjects was 1.4±1.71L representing an OH/

ECW of 7.06±8.76%. When OH/ECW was used to stratify the cohort population into overhy-

drated and not overhydrated, the categories were differentiated by ECW volume measure-

ments (Table 3). Overhydrated patients had a higher BP and DCS (Table 3) but PWV and

DFSC measurements did not differ between the 2 groups. Overhydration was characterised by

markedly higher serum levels of Vascular Cell Adhesion Molecule (VCAM)-1, Thrombomo-

dulin (TM) and Interleukin (IL) 6, and lower levels of Leptin (Table 3).

Predictor assessment for overhydration (OH/ECW>7%) using

multivariate logistic regression

Following univariate analysis of potential predictors of OH/ECW>7% from participants’

demographic, HD parameters, CV and biomarker profiles (S5 Table), VCAM-1, TM, IL6 and

Leptin were then sequentially entered in a multivariate model adjusted for age, DCS, weekly

hours of prescribed dialysis FTI and LTI (Table 4). High serum soluble VCAM-1 (VCAM-1/

10: OR 1.04, 95% CI 1.01–1.07, p = 0.01) with low levels of Leptin (OR 0.97, 95% CI 0.95–0.99,

p = 0.01) were independently associated with overhydration in the best fit model

(AUC = 0.816) (Table 4). TM and IL6 were excluded from the final model.

Assessing the relationship overhydration predictors with ECW/TBW using sequential

additive multivariate linear regression model. To assess the strength of our findings and to

avoid over adjustment for body composition by using parameters containing the absolute OH

index we also used the bioratio of ECW/TBW to assess potential predictors of ECW water

expansion. VCAM-1 showed a positive correlation to ECW/TBW (Beta = 0.306, 95% CI 0.07–

0.05, p = 0.01). ECW/TBW was also associated with older age, comorbidity, FTI, LTI, Matrix

Metalloproteinase (MMP)-1 and PBR thickness of the largest measured capillaries (20–25μm)

(Table 5).

Significant predictors of OH/ECW status of>7% and ECW/TBW were added sequentially

to a multivariate model. VCAM-1 significantly predicted ECW/TBW independent of any

other variable (Beta = 0.219, p = 0.02) and adjusted for age, DCS and prescribed HD weekly

hours in the model of best fit (R2 = 0.591, p>0.01). High FTI and low LTI were also associated

with ECW/TBW in the same model. MMP-1, TM, IL6, Leptin and PBR (20–25 μm) were

excluded from the final model.

Discussion

Our results demonstrate a significant association of extracellular overhydration with endothe-

lial and microinflammation biomarkers in HD patients. This might reflect an interaction

between ECW expansion and vascular damage at the endothelial level. Although no relation

was observed between macrocirculation and overhydration, and only minor associations were

seen with measured microvascular parameters in vivo, VCAM-1, MMP-1, IL-6 and TM all

correlated with either OH/ECW, ECW/TBW, or both.

TM is a trans-membrane glycoprotein expressed on the surface of endothelial cells and has

both an anticoagulant and anti-inflammatory effect by binding thrombin and activating pro-

tein C [29,30]. Serum TM is released due to glycocalyx injury and is also a uremic retention

product [29,30].

VCAM-1, the strongest predictor of overhydration in our cohort, is an adhesion molecule

expressed on the vascular endothelium following neutrophil activation [31]. High levels of

VCAM-1 have been reported in CKD and linked to the development of CV disease [32,33]. To

our knowledge this is the first time VCAM-1 has been linked to hydration status. Neutrophil
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Table 3. Hydration and cardiovascular profiles stratified by the participants’ overhydration status.

Fluid and Cardiovascular Parameters Entire Cohort n = 72 No overhydration

(OH/ECW < 7%)n = 30

Overhydration

(OH/ECW > 7%)n = 42

Sig

Body Composition OH (L) 1.5 (-1.8–6.7) -0.1 (-1.8–1.3) 2.2 (0.9–6.7) <0.001*

OH/ECW (%) 8.08 (-12.8–27.8) -0.8 (-12.8–6.7) 11.2 (7.0–27.8) <0.001*

TBW (L) 37.59 (SD 7.41) 37.1 (SD 8.7) 37.9 (SD 6.5) 0.654

ECW (L/Kg weight) 0.23 (SD 0.03) 0.21 (SD 0.02) 0.24 (SD 0.03) <0.001*

ECW/TBW 0.48 (SD 0.03) 0.46 (SD 0.03) 0.50 (SD 0.03) <0.001*

Weight (Kg) 81.0 (SD 15.9) 82.0 (SD 17.4) 80.3 (SD 15.0) 0.663

BMI (Kg/m2) 27.21 (SD 4.9) 27.6 (SD 5.7) 27.1 (SD 4.2) 0.644

LTI (Kg/m2) 12.6 (SD 2.6) 12.8 (SD 2.8) 12.5 (SD 2.4) 0.697

FTI (Kg/m2) 13.6 (3.1–35.0) 14.3 (4.4–35.0) 13.5 (3.1–27.2) 0.337

Visit BP(mmHg) Systolic 139.6 (SD 28.9) 135.5 (SD 27.2) 146.1 (SD 28.7) 0.023*

Diastolic 75.6 (SD 14.5) 74.2 (SD 15.9) 76.6 (SD 13.5) 0.504

MAP 118.3 (SD 22.9) 111.7 (SD 22.2) 122.9 (SD 22.5) 0.040*

PWV (m/s) (n = 27:41) 9.16 (SD 2.83) 8.7 (SD 2.33) 9.5 (SD 3.10) 0.252

24hr BP(mmHg)(n = 27:37) Average SBP 132.3 (SD 23.9) 125.4 (SD 23.2) 137.2 (SD 23.6) 0.051

Average DBP 80.7 (SD 15.4) 79.2 (SD 18.1) 81.8 (SD 13.2) 0.515

Average MAP 97.9 (SD 17.1) 94.6 (SD 18.4) 100.3 (SD 15.9) 0.195

Capillaroscopy PBR 5–25 1.97 (SD 0.27) 1.96 (SD 0.25) 1.97 (SD 0.28) 0.972

PBR 5–9 0.97 (0.78–1.37) 0.97 (0.78–1.37) 0.95 (0.79–1.20) 0.958

PBR 10–19 2.11 (SD 0.26) 2.14 (SD 0.24) 2.09 (SD 0.27) 0.419

PBR 20–25 2.54 (SD 0.52) 2.46 (SD 0.42) 2.60 (SD 0.58) 0.256

Median P-50 11.12 (SD 1.89) 11.42 (SD 2.04) 10.91 (SD 1.76) 0.272

VascularBiology ICAM-1 (ng/ml) 428 (259–1345) 412.5 (259–612) 437.5 (269–1345) 0.465

VCAM-1 (ng/ml) 1066.4 (SD 302.5) 930.2 (SD 190.0) 1163.7 (SD 330.4) 0.001*

E-selectin(ng/ml) 10.9 (3.5–29.5) 11.2 (5.2–29.5) 10.5 (3.5–22.9) 0.219

P-selectin(ng/ml) 44.0 (13.7–101.6) 44.0 (21.7–97.4) 43.7 (13.7–101.6) 0.991

ICAM-3 (ng/ml) 1.0 (0.2–4.9) 0.9 (0.2–4.9) 1.1 (0.5–2.9) 0.459

TM (ng/ml) 12.9 (SD 3.03) 12.0 (SD 2.73) 13.5 (SD 2.75) 0.041*

MMP-1 (ng/ml) 31.0 (2–140) 28.0 (2–105) 31.5 (2–140) 0.779

MMP-3 (ng/ml) 52.0 (11–255) 48.5 (11–255) 55 (11–133) 0.251

MMP-9 ng/ml) 99.0 (22–389) 111.0 (34–267) 81.5 (22–389) 0.152

Pro-inflammatory CRP (μg/ml) 5.1 (0.5–140.3) 2.7 (0.6–68.1) 5.8 (0.5–140.3) 0.094

SAA (μg/ml) 9.0 (0.7–231.1) 9.4 (1.3–165.4) 8.1 (0.7–231.1) 0.694

IL6 (pg/ml) 1.9 (0.6–131.5) 1.3 (0.8–7.4) 2.7 (0.6–131.5) 0.011*

IL8 (pg/ml) 14.3 (3.5–185.7) 12.6 (4.5–31.9) 15.9 (3.5–185.7) 0.091

TNF-α (pg/ml) 6.0 (3.7–15.9) 6.0 (3.7–12.5) 6.2 (3.8–15.9) 0.766

Growth Factors bFGF (pg/ml) 5.0 (0–28) 5.0 (0–28) 5.5 (0–21) 0.925

PIGF (pg/ml) 27 (14–60) 26 (14–45) 27 (18–60) 0.333

Flt-1 (pg/ml) 253 (139–1434) 255 (155–396) 251 (139–1434) 0.427

VEGF (pg/ml) 636.5 (239–1732) 673.0 (280–1361) 611.0 (239–1732) 0.791

Leptin (pg/ml) 7751 (247–169213) 18639.5 (432–169213) 6972 (247–162842) 0.011*

Insulin (pg/ml) 451 (0–3195) 499 (131–3195) 437 (0–2224) 0.500

bFGF = Basic Fibroblast Growth Factor, BMI = Body Mass Index, BP = Blood Pressure, cm = centimetre, CRP = C-Reactive Protein, DBP = Diastolic BP,

ECW = Extracellular Water, FTI = Fat Tissue Index, Flt-1 = Soluble fms-like tyrosine kinase-1, g = gram, hr = hour, ICAM-1 = Intercellular Adhesion,

Molecule-1, IL = Inteleukin, Kg = Killogram, L = Litre, LTI = Lean Tissue Index, m = meter, MAP = Mean Arterial Pressure, Median P50 = red blood cell width

(in micrometer), ml = millilitres, mmHg = millimetres of mercury, MMP = Matrix Metalloproteinase, ng = nanogram, OH = Overhydration Index,

PIGF = Placenta Growth Factor, PBR = Perfused Boundary Region (in micrometers), pg = picogram, PWV = Pulse Wave Velocity, s = second,

SAA = Soluble Amyloid A, SBP = Systolic BP, Sig = Statistical Significance (p-value), TBW = Total Body Water, TM = Thrombomodulin, TNF = Tumour

Necrosis Factor, VCAM-1 = Vascular Cell Adhesion Molecule-1, VEGF = Vascular Endothelial Growth Factor, μg = microgram.

* Highlights Result with statistical significance at the level of p<0.05.

https://doi.org/10.1371/journal.pone.0183281.t003
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binding to adhesion molecules, that also include ICAM and E- and P- selectin, is mediated

through integrins [34]. This process enables the migration and translocation of neutrophils

across the intercellular junction, by altering the cellular endothelial cytoskeleton and increases

vascular permeability [31,34,35]. The interaction of neutrophils with VCAM-1, is also thought

to jeopardise the integrity of the endothelium further by activating transcellular permeability

pathways [35] and through proteinase enzyme secretion from inflammatory that also alter the

endothelial glycocalyx [34].

MMPs are such enzymes and act as key modulators of endothelial remodelling. They are

secreted by endothelial cells, monocytes, neutrophils and vascular smooth muscle cells and

activated in the presence of inflammatory cytokines [36]. While the involvement of MMPs in

the process of atherosclerosis is clear, their direct role in the different pathophysiological path-

ways implicated is complex and findings to date are difficult to interpret [37]. MMP-1 is a col-

lagenase and its role includes endothelial glycocalyx degradation and cleavage of adhesion

molecules and surface factors from the endothelium [37]. This would explain why in our

cohort MMP-1 levels were not independent from serum VCAM-1 levels. MMP-1 expression is

variable and can be influenced by a wide range of inflammatory mediators, growth factors,

cytokines and adhesion molecules but also states of oxidative stress [38,39].

One of the key cytokines implicated in the micro-inflammation related to states of oxidative

stress, such as CKD, is IL-6 [40,41]. IL-6 is expressed in response to both inflammatory and

stress-related stimuli by a number of cells including endothelial cells, T-lymphocytes, macro-

phages and fibroblasts [42]. One of its roles is to promote inflammatory cell proliferation and

trans-endothelial migration [41] and is thought to be a more representative marker of micro-

inflammation than CRP in CKD [40]. IL-6 has been linked with CV disease [43] and, together

with VCAM-1, has been implicated in in-vitro and animal models of endothelial dysfunction

in uraemia [44]. Recently Ioannou et al. described the association of VCAM-1 and IL-6 with

LVMI in pre-dialysis CKD [45]. They also showed that the increase in LVMI correlated with

increase in diuretic dose [45].

Another biomarker that showed an interesting association with overhydration in our study

is Leptin. Adipose tissue, a major endocrine tissue and key contributor to inflammation [46],

Table 4. Multivariate analysis of overhydration predictors.

Predictor Univariate Analysis Multivariate Model

OR (95% CI) Sig OR (95% CI) Sig

Age 1.04 (1.00–1.07) 0.055 1.01 (0.98–1.07) 0.401

FTI 0.95 (0.87–1.04) 0.294 1.13 (0.95–1.34) 0.184

LTI 0.95(0.87–1.04) 0.294 1.09 (0.84–1.42) 0.530

Davies Comorbidity Score 1.62 (1.06–2.48) 0.026* 1.38 (0.74–2.57) 0.315

Hours of HD per week 0.99 (0.92–1.07) 0.823 0.94 (0.85–1.05) 0.260

VCAM-1/10** 1.04 (1.01–1.06) 0.003* 1.04 (1.01–1.07) 0.014*

Thrombomodulin 1.19 (1.003–1.41) 0.047*

IL6 1.42 (1.06–1.92) 0.021*

Leptin (ng/ml)*** 0.99 (0.98–0.998) 0.016* 0.97 (0.95–0.99) 0.007*

CI = Confidence Interval, FTI = Fat tissue index, HD = Haemodialysis, IL = Interleukin, LTI = Lean Tissue Index, OR = Odd Ration, Sig = Statistical

Significance, VCAM-1 = Vascular Cell Adhesion Molecule-1.

* Highlights Result with statistical significance at the level of p<0.05.

** OR for VCAM-1/10 indicates the risk of ovehydration for a rise in VCAM-1 by 10 ng/ml.

*** OR for Leptin indicates the risk of overhydration for a drop in Leptin levels by 1 ng/ml rather than pg/ml.

https://doi.org/10.1371/journal.pone.0183281.t004
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releases cytokines such as ILs and Leptin, predominantly in response to hypoxia and oxidative

stress [47,48]. Best known for being an appetite suppressant that regulates body weight and

energy balance, Leptin is also a regulator of vascular inflammation [48] and a retention prod-

uct in CKD [46,49,50]. Leptin levels are often difficult to interpret as they are closely linked to

both low LTI and high FTI [47,49]. This phenomenon might be what influences our finding.

Both of these parameters were independently linked with ECW/TBW in our cohort. Whether

Leptin levels reflect purely nutritional state or not, the nature of the interaction between body

composition and ECW is unclear and might extend beyond the amount of salt and water

Table 5. Multivariate analysis of predictors of extracellular water expansion.

Cohort Characteristics Univariate Analysis Multivariate Analysis

Beta (95% CI) Sig Beta (95% CI) Sig

Age 0.503 (0.26–0.62) <0.001* 0.410 (0.19–0.46) <0.001*

Davies’ Comorbidity Score 0.468 (0.23–0.60) <0.001* 0.153 (-0.04–0.29) 0.134

Hours of HD per week -0.246 (-0.43–-0.01) 0.037* -0.045 (-0.18–0.10) 0.601

FTI 0.351 (0.11–0.49) 0.003* 0.308 (0.11–0.41) 0.001*

LTI -0.471 (-0.57–-0.22) <0.001* -0.245 (-0.35–-0.04) 0.013*

PWV 0.165 (-0.08–0.43) 0.179

Capillarscopy PBR 5–25 0.131 (-0.10–0.33) 0.280

PBR 5–9 -0.043 (-0.26–0.18) 0.726

PBR 10–19 0.005 (-0.22–0.23) 0.970

PBR 20–25 0.260 (0.02–0.44) 0.030*

Median P50 -0.096 (-0.30–0.13) 0.427

VascularBiology ICAM-1 0.120 (-0.10–0.31) 0.315

VCAM-1 0.302 (0.07–0.52) 0.010* 0.219 (0.03–0.36) 0.019*

E-Selectin -0.201 (-0.39–0.03) 0.090

P-Selectin 0.013 (-0.21–0.24) 0.912

ICAM-3 0.009 (-0.01–0.01) 0.939

Thrombomodulin 0.065 (-0.18–0.31) 0.589

MMP-1 0.270 (0.04–0.45) 0.020*

MMP-3 -0.131 (-0.32–0.09) 0.272

MMP-9 -0.032 (-0.27–0.21) 0.792

Pro-inflammatory CRP 0.139 (-0.08–0.31) 0.244

SAA 0.107 (-0.12–0.32) 0.369

IL6 -0.016 (-0.21–0.18) 0.894

IL8 0.129 (-0.09–0.30) 0.279

TNF-α 0.031 (-0.18–0.23) 0.797

Growth Factors bFGF 0.085 (-0.14–0.29) 0.477

PIGF 0.114 (-0.11–0.30) 0.341

Flt-1 -0.030 (-0.23–0.18) 0.801

VEGF 0.064 (-0.15–0.27) 0.591

Leptin 0.131 (-0.10–0.34) 0.274

Insulin -0.025 (-0.22–0.18) 0.833

bFGF = Basic Fibroblast Growth Factor, CRP = C-Reactive Protein, FTI = Fat Tissue Index, Flt-1 = Soluble fms-like tyrosine kinase-1, HD = haemodialysis,

hr = hour, ICAM-1 = Intercellular Adhesion, Molecule-1, IL = Interleukin, Median P50 = red blood cell width, MMP = Matrix Metalloproteinase,

PIGF = Placenta Growth Factor, PBR = Perfused Boundary Region, PWV = Pulse Wave Velocity, SAA = Soluble Amyloid A, Sig = Statistical Significance

(p-value), TNF = Tumour Necrosis Factor, VCAM-1 = Vascular Cell Adhesion Molecule-1, VEGF = Vascular Endothelial Growth Factor.

* Highlights Result with statistical significance at the level of p<0.05.

https://doi.org/10.1371/journal.pone.0183281.t005
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intake [49]. There is also a debate whether some parameters used to calculate overhydration

might lead to overestimation while other to underestimation based on body composition dif-

ferences [51]. This might be the reason why we see slightly different associations between the

two parameters of extracellular ovehydration used and the measured CV parameters in our

study.

These observations, in conjunction with our findings, would support a relation between

overhydration and endothelial injury. It is generally believed that overhydration is likely to

promote vascular injury and endothelial dysfunction. The association of overhydration to sys-

temic inflammation in the context of microvascular injury might suggest another dimension

to the relationship between states of extracellular hydration excess and the vascular endothe-

lium. The expansion of ECW across the vascular and interstitial compartments is more clearly

elicited at the microvascular level. Vascular integrity at this levels and regulation of its barrier

permeability may be involved in the development of overhydration and oedema but also the

transcompartmental fluid movements during ultrafiltration (UF) [52]. The endothelial glyco-

calyx provides both a physical and an electrical barrier to fluid and particle translocation from

the intravascular (IV) to the extravascular compartment [34]. Even when damaged the nega-

tively charged proteoglycan coating the luminal surface of the endothelium will retain most

its barrier properties to large particles such as cells and proteins, it will however, become

extremely leaky to water [34].

The PBR of the endothelial glycocalyx of sublingual capillaries has been viewed as a measure

of such injury to the glycocalyx. The PBR is the layer of the proteoglycan matrix that can be

permeated by RBC. Thickening of this layer is associated with thinning of the impermeable

layer of the glycocalyx and indicates endothelial dysfunction. Increased PBR thickness has

been described in CKD [9] and HD [19] while in transplant recipients its size is similar to that

of healthy volunteers [9]. UF during HD has also been implicated in reduced perfusion of the

sublingual capillaries using a different capillaroscopy software to the one used in our study

[27]. The microvascular endothelial activation has been reported to be independent from

macrovascular parameters such as arterial stiffness [53]. Our study findings only confirm a

weak association between PBR thickness and ECW/TBW limited to the larger measured

capillaries. The association did not persist through the multivariate analysis perhaps due to the

visualised alteration to the glycocalyx being mediated by the dominant circulating pro-inflam-

matory and endothelial factors.

Although the concept of endothelial injury promoting the development of overhydration in

uraemia remains purely hypothetical, it’s a notion that is not unreasonable. The dynamic inter-

action between IV and interstitial fluid across the vascular endothelial barrier remains beyond

the scope of our study but the importance of glycocalyx injury on compartmental fluid distri-

bution warrants further investigation.

Our findings also confirm the association between systolic hypertension and overhydration

and are in keeping with the published literature on the effects of hydration and interdialytic

fluid gain on BP in HD patients [54–57]. We did not, however, find any association between

overhydration and PWV. Bearing in mind that our cohort had an overall acceptable level of

hydration, it is likely that at these levels of overhydration, other factors exert more influence

on PWV than variations in ECW volume. Also the association of PWV and overhydration is

not entirely clear-cut. Akdam et al. showed that PWV positively correlated to both visit BP and

bioimpedance derived OH in a mixed group of participants with CKD (stages 3–5 and 5dPD),

although only BP maintained this association following model adjustment [2]. Bia et al. were

able to show that PWV correlated to both OH and OH/ECW [58] in an HD cohort similar to

the one in our study, however their analysis was only adjusted for BP and not for other con-

founders such as age and comorbidity. Other studies showed that PWV fluctuates during the
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HD cycle, with values following HD treatment correlating to UF rate [59], and the highest

measurements occurring on the third interdialytic day [60]. They inferred that fluid excess was

responsible for these observations.

Our analysis has certain limitations. The study is analysing the relation of body hydration

to CV measurements and biomarkers profiles during a single time point of steady state. Longi-

tudinal follow up of these variables may shed further light, although such a design would have

to overcome the overlap of confounders of both long term CV and hydration shifts. Also,

our study population consist of a fairly heterogeneous and diverse group in both their demo-

graphic and treatment characteristics. To account for these differences we adjusted our analy-

sis for major differences in these parameters. In addition to this the production of hormones

such as Leptin could vary though the day and, as such, there might be a degree of sampling

bias. However, the biomarkers analysed in the study are large sized molecules that are unlikely

to be influenced by dialytic clearance.

Conclusion

The study describes a relationship between microinflammation, endothelial dysfunction and

extracellular hydration states in end stage kidney disease. Although overhydration and ECW

expansion are likely to promote endothelial injury it is conceivable that compromise to the

microvascular endothelium could also mediate the transposition of a protein-rich exudate into

the IF altering the traditional Starling forces [11] that govern transcapillary fluid movement.

The potential impact of non-hydrostatic factors (vascular microinflammation and endothelial

dysfunction) on the capillary barrier and its permeability to both fluid and proteins need to be

explored further in developing fluid models in uraemia.
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